Using the binary-collision approximation simulation with atomic collision in any structured target code AC∀T, we calculated sputtering yield, range, and retention rate for tungsten with a rough surface under argon atom irradiation. The simulation revealed the sputtering yield decreases and the retention rate increases as the surface becomes rougher. Because these quantities strongly depend on the surface, we suggest that it is necessary to consider the surface structure of the tungsten target when estimating the effects of walls.
Introduction
Tungsten nanostructure [1] [2] [3] [4] [5] [6] is a phenomenon that has attracted attention in fusion science. Under helium plasma irradiation, a "bubble" structure is formed around the surface of tungsten [1, 2] . For the special case when the tungsten temperature is 1000 -2000 K and the incident energy of the helium plasma is 20 -100 eV, a nanofilament structure, called a "fuzz" structure, is generated on the tungsten surface [3, 4] . To explain these experimental results, theories [7] [8] [9] of the formation of the fuzz structure have been proposed. We reproduced [8, 9] the fuzz structure in a hybrid simulation combining molecular dynamics and Monte-Carlo methods.
Nishijima et al. measured [10] the sputtering yields of He-induced W fuzz surfaces bombarded by Ar. According to their results, the sputtering yield of the fuzz surface decreases with increasing fuzz layer thickness L. They suggested [10] that the cause of the reduction in sputtering yield with fuzz could be the direct line-of-sight deposition of sputtered W atoms onto neighboring fuzz before being ejected into the plasma. In this study, we investigate the reliability of their analysis using a binary collision approximation (BCA) [11] [12] [13] [14] [15] . The BCA simulation is performed by the atomic collision in any structured target (AC∀T) code [16] [17] [18] [19] .
The fuzz structure has a complicated shape; therefore, we modeled it as a simple structure (see Fig. 1 ). Performing the AC∀T simulation for a simplified fuzz structure, we investigated the fuzz layer thickness L dependence of the sputtering yield for Ar irradiation onto tungsten. 
Simulation

AC∀T simulation
To evaluate the sputtering yield for Ar irradiation onto tungsten, we used the AC∀T code. In the AC∀T code [16] , BCA is adopted to simulate a two-body interaction between a projectile and a target atom. The final position and velocity of the projectile and the target atom were calculated analytically using the Moliere approximation [20] [21] [22] with the following Thomas-Fermi potential V(r):
where r is the distance between the projectile and the target atom, a is the screen length, and Z 1 and Z 2 are the atomic numbers of the projectile and the target atom, re-spectively. The following equation of the normalized distance X was adopted in AC∀T [22] as the screening potential Φ in Eq. (1):
Tungsten target model
In the AC∀T code, we adopted a body-centered cubic (BCC) crystal with a (100)-surface as the tungsten target, which is 94.95 Å long, 47.25 Å wide, and 31650 Å deep. The lattice constant of tungsten is 3.165 Å. Periodic boundary conditions were imposed in the horizontal direction. All tungsten atoms were fixed to the lattice points of the BCC crystal without vibration, which means that the initial temperature of the tungsten was set to 0 K. An argon atom with a kinetic energy of 100 eV was injected vertically into the tungsten.
We simplified the fuzz tungsten structure as follows: (i) a tungsten crystal with a flat (100)-surface was prepared as the initial structure and then (ii) N = 10, 20, 30, 40, or 50 half-spheroids with equatorial radius r = 5 Å and polar radius d = 5, 50, or 500 Å were hollowed from the tungsten surface. The origins of the N half-spheroids were distributed randomly on the tungsten surface. After the tungsten target was prepared using the above method, an argon atom was injected into it from its upper side with a kinetic energy of 100 eV. The W and Ar atoms collided with each other, and then the final positions of all the atoms, i.e., W and Ar, were detected in each simulation. We repeated the above simulation 200,000 times for each tungsten target with N half-spheroid-holes with a polar radius d. The initial injection position of the Ar atom was changed randomly for each simulation.
Here, we need to make two comments concerning the interactions between the projectile and the target. First, the Ar atom does not collide with other atoms inside the half-spheroids. The Ar begins interacting with the tungsten when it approaches the W atoms. Second, the surface binding energy of the fuzz was not included in our simulation.
Simulation Result
In the simulation of Ar irradiation onto a tungsten target, we calculated three physical quantities; sputtering yield Y, range R, and retention rate A.
The sputtering yield Y was obtained as follows. For the retention rate A, the number of the Ar atoms First, the number of half-spheroid holes was changed to determine the dependence on the roughness of the tungsten surface. In this case, it is expected that the number of holes corresponds to the roughness of the fuzz structure, that is, it is a flat surface when there are no holes, and as the number of holes increases the surface becomes rougher, as seen in Fig. 1 . The simulation results are plotted in Figs. 2, 3, and 4 for the aspect ratios of d/r = 1, 10, and 100. Figure 2 demonstrates that for all cases, the sputtering yield Y decreases as the number of holes increases. In addition, for all cases, the range R for all cases increases as the number of holes increases (see Fig. 3 ). Furthermore, Fig. 4 illustrates that the retention rate A decreases when d/r = 1 and increases when d/r = 10 and 100.
The reason why the retention rate only decreases in the case of d/r = 1 in Fig. 4 is considered as follows. In the simulation, the incident Ar atoms are injected perpendicularly onto the tungsten surface. When the surface has no holes, the Ar atom is able to easily enter the tungsten anywhere on the surface via the channeling effect. However, if there are holes (hollows) on the tungsten surface, the injection angle of the Ar atom is not perpendicular to the surfaces within the hollows. The channeling effect, there- fore, becomes weaker, meaning that it becomes more difficult for the Ar atoms to enter the tungsten. This inference is likely correct when the depth of the hollows is not large, i.e., d/r = 1 in Fig. 4 . As the depth of the hollows increases, i.e., d/r = 10 or 100 in Fig. 4 , although it is difficult for the Ar atom to enter the tungsten during the first injection, the Ar atom reflected by the tungsten surface in the hollows collides with the other surfaces in the hollows. Thus, the Ar atom is captured by the hollows and the retention rate increases when d/r = 10 or 100 in Fig. 4 . Next, we investigate the influence of the thickness of the fuzz structure. The polar radius of the half-spheroidhole d corresponds to the thickness of the fuzz structure. Therefore, we changed the aspect ratio to d/r = 0, 1, 3, 5, 7, 10, 30, 50, 70, and 100, where r = 5 Å, while the number of holes was fixed to 50. The results of the Ar-W collision simulation demon- strate the following behavior: as the tungsten surface becomes rougher and holes becomes deeper, Ar atoms penetrate the tungsten more deeply; the invading Ar recoils against W atoms deep within the W targets; and the recoiled W has difficulty reaching the tungsten surface because the recoiled position is far from the surface. 
Conclusion
With the aim of investigating the reliability of the cause of reduction in the sputtering yield with fuzz suggested by Nishijima, et al., we designed a half-spheroid hole model to simplify the fuzz structure and calculated the sputtering yield, the range, and the retention rate under Ar irradiation using the BCA simulation code AC∀T. From the simulation, we found that the sputtering yield decreases as the depth of the holes becomes larger while the retention rate increases. This result shows that the W atoms recoiled at the bottom of the half-spheroid holes by the injected Ar atoms have difficulty escaping the W target. Therefore, we verified the reliability of Nishijima's suggestion. Moreover, because these quantities depend strongly on the surface, we assert that it is necessary to consider the surface structure of the tungsten target when estimating the effects of walls.
